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SUMMARY 


A new pressure sensing device using field emission from diamond coated silicon 
tips has been developed. A high electric field applied between a nano-tip array and a 
diaphragm configured as electrodes produces electron emission governed by the Fowler - 
Nordheim equation. The electron emission is very sensitive to the separation between the 
diaphragm and the tips, which is fixed at an initial spacing and bonded such that a cavity 
is created between them. Pressure applied to the diaphragm decreases the spacing 
between the electrodes, thereby increasing the number of electrons emitted. 

Silicon has been used as a substrate on which arrays of diamond coated sharp tips 
have been fabricated for electron emission. Also, a diaphragm has been made using wet 
orientation dependent etching. These two structures were bonded together using epoxy 
and tested. Current - voltage measurements were made at varying pressures for 1 - 5 V 
biasing conditions. The sensitivity was found to be 2.13 mV/V/psi for a 20 x 20 array, 
which is comparable to that of silicon piezoresistive transducers. 

Thinner diaphragms as well as alternative methods of bonding are expected to 
improve the electrical characteristics of the device. This transducer will find applications 
in many engineering fields for pressure measurement. 
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I. INTRODUCTION 


Pressure is a fundamental design parameter. Since the first mercury barometer 
was conceived by Evangelista Torricelli more than 300 years ago, numerous devices and 
techniques have been designed and implemented for the accomplishment of pressure 
measurement. 

The following equations form the basis for devices fabricated to measure pressure 
[1]. In mechanics, pressure is the force per unit area 


P 


dF_ 
dA ' 


( 1 ) 


In hydraulics, pressure is specific weight times height 

dp m -wdh (2) 


where the negative sign accounts for the change in height of the fluid that is being 
compressed. In kinetics, pressure is molecular kinetic energy per unit volume 


P 


2KE 
3 V 


= NRT 


In thermodynamics, pressure is the work per unit volume 


P = 


dW 
dV ' 


(3) 


( 4 ) 


The symbols in equations 1-4 are defined as follows: 
A area 

F force 


2 


h height 

KE kinetic energy 

N number of molecules per unit volume 

p absolute pressure 

R specific gas constant 

T absolute temperature 

V volume 

w specific weight 

W work 

Pressure is measured on many different scales, and although the standard that has 
been adopted is the Pascal (N/m 2 ), other scales are frequently used. These include pounds 
per square inch (psi), inches of water (in. H 2 O), inches of mercury (in. Hg), atmospheres 
(atm), bars, millibars (mbar), microbars (pbar), millimeters of mercury (mm Hg) or Torr, 
dyn/cm 2 , kg/cm 2 , kg/m 2 , and microns (p). Each scale can be converted to any other scale 
with an appropriate conversion factor, which can be found in most physics text books [2], 
the CRC Handbook of Chemistry and Physics [3], and other literature dealing with 
pressure measurement [1,4]. 

The earliest pressure measuring device, used in 1662 by Robert Boyle for the 
precise determination of steady fluid pressures [1], is the U-tube manometer [1,5, 6]. 

This was the first example of an absolute gauge, i.e., a gauge that measures total pressure, 
but whose calibration depends only on geometric or mechanical factors [7], 

Other absolute gauges include the McLeod gauge of 1874 [1, 4 - 10], the Wallace-Tieman 


mechanical diaphragm gauge [1, 8], the capacitance gauge [1,7], and the Knudsen gauge 
of 1910 [7 - 10]. Table 1 [7] shows a summary of the performance of each of these 
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gauges. Since these gauges are accepted as standards for pressure measurement, an 
explanation of each is presented in the following paragraphs. 

As shown in Figure 1 [5], the U-tube manometer consists of a liquid filled tube 
shaped in the form of a U with one leg of the tube subjected to a reference pressure and 
the other to an unknown pressure. By measuring the difference in height, Ah, and 
knowing the specific gravity of the liquid and the reference pressure, the unknown 
pressure is determined according to 

&p = w M Ah (5) 

where Ap is the difference between the known pressure and the reference pressure and w M 
is the specific weight of the fluid in the tube. 

The operation of the McLeod gauge, shown in Figure 2, is relatively simple. All 
of the mercury is initially contained in the volume below the cutoff level. The gauge is 
exposed to an unknown gas pressure, pi; the mercury is then raised in tube A beyond the 
cutoff, trapping a gas sample of initial volume V! = V + ahc, where a = area of the 
measuring capillary. The mercury is continuously forced upward until it reaches the zero 
level in the reference capillary B. The mercury in the measuring capillary C reaches a 
level, h, where the gas sample is at its final volume V 2 = ah, and at the final amplified 
manometric pressure P 2 = pi + h. The relevant equations at these pressures are 


P\ v \ = P2 V 2 


( 6 ) 


Table 1: Ranges of absolute pressure gauges [7], 
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and 


ah 2 

v, -ah 


( 7 ) 


Pressure measurement is accomplished in the Wallace-Tieman mechanical 
diaphragm gauge. Figure 3 [8], by admitting an unknown pressure to the hermetically 
sealed instrument case, where it exerts a pressure on a flat evacuated capsule that has 
been permanently sealed. Movement of the capsule is transmitted by a lever system to 
the pointer that registers the pressure on a dial as a pressure above absolute zero. 

A variation on the Wallace and Tieman diaphragm gauge is the capacitive 
manometer in which diaphragm movement is measured electrically rather than 
mechanically. Figure 4 [7] shows a cross-section of the gauge head which is comprised 
of a sealed metal housing, AA, divided into two identical sections by a thin, radially 
prestressed, metal diaphragm, B. This diaphragm is positioned symmetrically between 
fixed capacitor plates, C, formed on ceramic discs. This creates a capacitive potential 
divider in which minute motion of the central diaphragm, following a pressure change, 
varies the relative capacitance of the diaphragm and the fixed capacitor plates. The plates 
form part of a bridge circuit, excited by a 10 kHz signal, such that any displacement of 
the diaphragm unbalances the bridge and produces a 10 kHz signal of 
amplitude proportional to the pressure. The balanced gauge structure allows for either 
differential measurements, with pressure changes applied to both sides of the diaphragm, 
or straightforward pressure measurement against a self-contained vacuum reference by 
sealing off one side of the diaphragm at high vacuum. The equation governing this 
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device is 


P = 


C 

output 
C initial 


( 8 ) 


which yields a linear capacitance variation with pressure. 

A sketch of the Knudsen-type pressure gauge is shown in Figure 5. This gauge 
operates on the principle that a mechanical force is exerted between two surfaces 
maintained at different temperatures in a gas at low pressure. The two parallel strips, D 
and E, are placed at a distance apart which is less than the mean free path of the gas 
molecules. The strip D is at the temperature T 0 of the residual gas, while E is maintained 
at a higher temperature T i . On the side away from E, D will be bombarded by molecules 
having root mean square velocity c 0 corresponding to the temperature T 0 given by 


c„ = 


f3*rV /2 
M J 


( 9 ) 


where R is the universal gas constant and M is the reflection coefficient of the mirror that 
is used to measure deflection in the same manner as galvanometers. Molecules 
leaving D will have the same velocity. On the side towards E, however, D will be 
bombarded by molecules coming from E and will have a higher velocity ci corresponding 
to Ti . Asa result, D will receive momentum at a greater rate on the side towards E than 
on the opposite side, and will experience a torque. 


IMM 
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The net force exerted per unit area, F, is given by the rate at which momentum is 
is transferred from E to D and is 


F nc o ( mc \ - mc a ) (10) 

o 

where n is the number of gas molecules per unit volume and m is their mass. In terms of 
pressure around the strips D and E, the equation is 

j \ 

p = *r— (ii) 

\ 1 i *oJ 

If the temperatures T 0 and T i are maintained constant, then the force, F, is directly 
proportional to the pressure and is independent of the molecular weight of the gas. 

Research has produced many devices over the years to sense changes in pressure, 
and the term that has been given to these devices is pressure transducer. The essential 
feature of a pressure transducer is an elastic element that converts energy from the 
pressure system being investigated to a displacement in the mechanical measuring 
system. This displacement is converted to a usable pressure output either directly, as in 
the case of the Wallace-Tieman pressure gauge, or electrically, as in the case of the 
capacitance pressure gauge. A diaphragm is the elastic element of the transducers used in 
these gauges; however, other pressure sensing elements used in transducers include 
capsules, bellows, straight tubes, and Bourdon tubes [1 1-15] as illustrated in Figure 6 
[13]. Examples of transducers used for pressure measurement include inductive, 
reluctive, capacitive, piezoelectric, potentiometric, resistive, and strain-gauges [12 - 17]. 
In recent years, silicon has been used to fabricate pressure transducers/sensors. Along 



m 



Figure 6. Pressure sensing elements: (a) flat diaphragm; (b) corrugated diaphragm; (c) 
capsule; (d) bellows; (e) straight tube; (f) C-shaped Bourdon tube; (g) twisted Bourdon 
tube; (h) helical Bourdon tube; (i) spiral Bourdon tube [13]. 
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with its electrical characteristics, the ability to manufacture very small devices through 
means other than complex machining makes silicon an attractive material for pressure 
sensors. The silicon is processed to create a diaphragm which is then configured for use 
in the different types of pressure sensors. 

A fiber optic pressure sensor that uses a diaphragm at the end of a multimode 
optical fiber has been created for use in the biomedical field [18]. The sensor is placed 
inside a catheter balloon that is used to dilate the coronary artery, and the pressure inside 
the balloon is measured optically using the intensity of light reflected off the diaphragm. 

Resonant strain gauges have been placed on silicon diaphragms [19] with pressure 
being measured as a function of the resonator frequency. The frequency is modulated by 
the strain in the diaphragm surface. In capacitive pressure sensors [20 - 23], the silicon 
diaphragm is anodically bonded to glass and acts as one of the plates of a parallel plate 
capacitor. Applying pressure deflects the diaphragm, which in turn causes capacitance 
variations. A typical structure of a silicon capacitive sensor is shown in Figure 7 [20], 

Stress applied to a semiconductor causes a change in the energy gap between the 
valence band and the conduction band, which affects the number of charge carriers being 
excited from the valence band to the conduction band, thereby causing a change in the 
resistivity. This phenomenon is known as the piezoresistance effect [24 - 26] and has 
been taken advantage of in the fabrication of silicon pressure sensors by diffusing 
impurity layers on selected areas of the diaphragm. These piezoresistors are arranged in a 
Wheatstone bridge configuration to compensate for the temperature effects that are 
known to occur with diffused transducers [27 - 29], Figure 8 shows a cross-section of the 


fill 
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Figure 8. 

Schematic of silicon diaphragm with piezoresistors: (a) cross - section; (b) top view [28], 




17 


silicon diaphragm with diffused piezoresistors . Other configurations using the 
piezoresistive effect with the diaphragm as the elastic element have been developed [30 - 
37], 


Research Goal 


A new type of pressure transducer using the diaphragm has been proposed [38, 
39]. This sensor is based on the Fowler-Nordheim (F-N) equation for field emission [40] 


J = 


AE 2 


exp 


a 3 2 

-B^—v(y) 


V 


( 12 ) 


where A = 1.54 x 10' 6 , B = 6.87 x 10 7 , y = 3.79 x lO^E 1/2 /tp, E is the electric field at the 
cathode, and (p is the work function of the cathode material. The functions v(y) and t(y) 
can be approximated by [40] 

t 2 (y) = 1 . 1 and v(y) = 0.95 - y 2 . (13) 

Silicon can be processed such that an array of sharp tips, known as a field emitter array 
(FEA), can be formed to serve as the cathode while the diaphragm serves as the anode. 

A schematic cross-section of this device is shown in Figure 9. The electric field, E, in 
Equation 12 is a function of the applied voltage, V, and a field conversion factor, (3, that 
takes into account the separation of electrodes and the field enhancement due to the sharp 
tips of the FEA and is given by [40] 

E = J3B. (14) 

Operation of this device is such that when pressure is applied, the diaphragm deflects 
downward toward the array of nano-tips thereby increasing the current according to the 
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F-N equation. This current can then be related to pressure through calibration. The main 
advantage of this pressure sensor is that the temperature dependence seen in other 
pressure sensors is eliminated, as there is no temperature term in the equation for field 
emission. 

Section 2 discusses the theory behind the operation of this field emission based 
sensor. Section 3 gives the details involved in fabricating a pressure sensor, including the 
specific aspects of the processing steps needed. Section 4 presents results that have been 
achieved using this pressure transducer, and Section 5 outlines applications as well as 
improvements that can be made in the future. 



19 




SiO 


Silicon Diaphragm 

\ 


Pressure 

inn 


JV\ A/WvZ? 




Field Emitter 
Array (FEA) 



Figure 9. Silicon pressure sensor using an FEA. 
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II. theory of field emission based sensor 

Concepts of field emission that lead to the Fowler-Nordheim equation are 
presented in this chapter. The design factors used to determine the thickness and 
deflection of the diaphragm will be introduced. Finally, a discussion on diamond film 
and its use in the fabrication of the pressure sensor is included. 

2.1 Electron Emission 

Electrons can be emitted from the surface of a metal or semiconductor by one of 
four mechanisms: photo-emission, thermionic emission, Schottky or field-assisted 
emission, and field emission. The following discussion focuses on metals, but is 
applicable to semiconductors as well. At the surface of a metal, there exists a potential 
energy barrier. This is known as the work function, cp, and is defined as the energy 
required to remove an electron from the Fermi level, Ep, to a position just outside the 
material (vacuum level) [41]. Photo-emission is the process whereby electrons are 
emitted by irradiating the metal surface with light of energy hv > <p, where h = Planck’s 
constant and v = light frequency [42, 43], This effect is used in photo-electric devices. 

In thermionic emission, the electrons are given energy by heating the 
metal/semiconductor. Only those electrons with energies greater than Ef + <p which are 
moving toward the surface will be emitted. The current density of the emitted electrons is 
given by the equation [42, 43] 


J = B e T 2 exp 


±_ 

kT 


(15) 
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where ^=(1-^)5^ 


fl = 


4 ;iem e k 2 
h 1 


(16) 

(17) 


T = Temperature in Kelvin 
k = Boltzmann’s constant 
e = electron charge 
m e = effective mass of an electron. 

Equation 15 is the modified form of the Richardson-Dushman equation as it takes into 
account the wave nature of electrons. As the electrons approach the surface, there is a 
probability that they will be reflected back into the metal, instead of being emitted over 
the potential barrier. This is accounted for in B e using the reflection coefficient, R, which 
depends on the material and the surface conditions. This type of emission is used in 
cathode ray tubes and microwave tubes, such as the klystron, UHF triode, and magnetron. 

In Schottky emission, an electric field is used to aid the thermionic emission 
process by lowering the potential energy barrier, <p, as shown in Figure 10 [42]. Inside the 
metal, an electron is defined as having zero potential energy (PE), i.e., all of its energy is 
kinetic. Just outside the surface, the electron experiences a force from the positive charge 
created when it was emitted (Figure 10a). An applied field causes a PE gradient just 
outside the surface(Figure 10b). The total PE is the sum (Figure 10c). The PE barrier is 
thereby effectively reduced in the presence of an applied field to (Ef + <p e fr)> where <p e ff is a 
new effective work function that takes the field effect into account and is 
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Figure 10. 

PE diagram: (a) PE of an electron near the surface of a conductor or semiconductor (b) 
Electron PE due to an applied field; (c) The overall PE is the sum of (a) and (b) [42]. 
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given by 


fieff ~ $ 


e\E_ 
4 ne 0 


(18) 


where e 0 is the absolute permittivity. This lowering of the work function by the applied 
field is known as the Schottky effect. The current density is given by the Richardson- 
Dushman equation, but with (J> eff instead of <(>: 


J = B e T 2 exp 


kT 


(19) 


where 


A- 


f e 3 V/2 




= 3.79x10" 


eV 


y[Vl 


( 20 ) 


m 


is the Schottky coefficient. Field- assisted thermionic emission is used in metal- 
semiconductor contacts [41]. 

The different types of emission that have been described thus far require that the 
electrons gain enough energy to overcome the potential energy barrier. When the field 
becomes very large ( E > 10 7 V cm' 1 ), however, the potential barrier becomes very 
narrow, and there is a definite probability that an electron at energy Ef will tunnel through 


the barrier and escape into vacuum [42 - 47]. This is known as field emission, and the 
theory behind it was developed by L. W. Nordheim and R. H. Fowler in 1928 [43, 44], 
with the result being the well-known Fowler-Nordheim (F-N) equation. 
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Figure 1 1 illustrates the tunneling situation. When a field, E, is applied to a metal 
surface, electrons of kinetic energy, (KE) X , along the emission direction see a barrier of 
height E f + - (KE) X and width X F = (E F + <j> -(KE) X )/Ee. If this is thin and low enough, 
transmission will occur with finite probability. 

Tunneling is a quantum-mechanical phenomenon with no classical analogue. The 
Heisenberg uncertainty principle allows us to relate the uncertainty. Ax, in the position 
and the uncertainty, Ap x , in the momentum of the electron by 


ApAx«/i/2. (21) 

If electrons near the Fermi level are taken into consideration, the pertinent uncertainty in 
momentum, (2m<j)) , corresponds to the barrier height <j). The corresponding uncertainty 
in position is 


The barrier width is 


Ax 


h 

2{lm<p) u ‘ 


( 22 ) 



There will be a good chance of finding an electron on either side of the barrier if 


(23) 


<f> ^ h 
Ee 2{2tn<f>f 2 


( 24 ) 
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2m V ' ‘ 


The condition in Equation 25 is roughly that required for field emission. 

Consider a one-dimensional barrier with a height of V 0 , as shown in Figure 12. 
The transmission coefficient can be found using the Wentzel-Kramers-Brillouin (WKB) 
method [47]. The result is 


T{KE, V o )=T exp - 2( ^ ) ){v - KE f 2 


where T(KE, V 0 ) is the probability that an electron traveling to the right will not be 
reflected at the barrier but will proceed through it. KE is the electron’s kinetic energy. T 0 
is a function of KE and V 0 and is given by 


16E(V 0 -KE) 


and is usually approximated by a constant of unity. 

The exponential part of T can be demonstrated using the following simple 
argument. T will roughly be equal to 
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V(x) 



Figure 12. Tunneling transmission coefficient [42]. 
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( 28 ) 


where v|/( a) and y(0) are the electron wave functions at x = a and x = 0, respectively. 
Over an infinitesimal distance, dx, \j / can be approximated by exp(jk|X), where ki is 


_p r (ATg-^)2m 

h h 2 


( 29 ) 


In the barrier region, (KE - V 0) is negative so that 


y/ = exp 


2m 


vl/2 


{V 0 -KE) vl x 


( 30 ) 


Hence 


y/{ x + dx) 


2m 


V ' 2 


{ 'y o -KE) V2 dx 


( 31 ) 


and 


via) 

v{°) 




-KE) V2 dx 


( 32 ) 
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so that 


T » exp 


2m 

h- 


) )(V 0 -KE) m dx 


(33) 


The exponential term on the right hand side of Equation 26 can be interpreted by 
looking at Figure 1 1 . Excluding the factor 2(2m /h 2 ) v \ it represents the area under the 
curve with ordinate (V 0 -KE) 4 from x = 0 to x = X F . This area is very close to being 
triangular in shape, with base (E F + <j> -(KE) X )/Ee and height (E F + <j> - (KE) x )' /j , so that 

. 1 [e f +</>-{KE) Y 12 

Area « — -t — £ — - — — — iiJ n4\ 

2 Ee K V 

Substitution into Equation 26 yields 


T = f[(KE) x ,V 0 exp 


(2m\ 

1/2 



U 2 J 


I ^ ) 



(35) 


This is very similar to T calculated more rigorously by Fowler and Nordheim [43]: 


4{(KE)M + E r -(KE).\ n . 

exp 

4 


r[£ f +^-(Kg)j’' j v 


3 

U J 

v Ee J_ 


4[(KE),0 + g f -(ATE).r 


exp 


( 36 ) 
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If the electrons are limited to an energy of Ef, Equation 36 gives 


„ 4(d>E F ) 2 ,d ii2 

T = ~ Fl exp - -6.8*1 0 7 ^— 

<P+e f f e 


with <(> in electron volts and E in volts per centimeter. An approximation of the current 
density can be found by multiplying Equation 37 by the total rate of arrival of electrons. 
A more accurate current density is found by using Equation 36 for the transmission 
probability, multiplying by the appropriate differential arrival rate, and integrating over 
0<(KE) x <Ep. The result is the Fowler-Nordheim equation [43] 


J = 6.2x10* 


(£e i£L 

E F +<t> 


E 2 exp -6.8xl0 7 


for all energies in electron volts and E in volts per centimeter. 

Equation 38 is the Fowler-Nordheim equation for field emission from the surface 
of a metal without accounting for the image effect. To compensate for this, a 
multiplicative correction factor must be included in the equations [44 - 47], This 
correction factor is 


«=(i -yf 


Thus, the Fowler-Nordheim equation becomes 


J = 6.2;cl0 6 


[EMT F 2 f -6.8jclOV ),2 g ) 

a 2 {4> + E F ) \ E ) 


( 41 ) 


In a metal, the Fermi level coincides with the highest filled state at 0° K and 
changes only very slightly at moderate temperatures. In an intrinsic semiconductor, the 
Fermi level lies approximately at the middle of the energy gap [41], When impurities are 
added to a semiconductor, they either donate an electron to the conduction band creating 
n-type material, or donate a hole to the valence band, i.e., the impurity accepts an electron 
from the semiconductor, creating a p-type material. The Fermi level compensates for the 
increases in either holes or electrons by moving closer to the conduction band for n-type 
semiconductors or closer to the valence band for p-type semiconductors. 

A complex mathematical analysis for field emission from semiconductors was 
conducted by Robert Stratton [48] in 1961. Others [42, 47] have explained this process 
in a simplified form. The electrons that are emitted from a semiconductor come from 
either the valence band or the conduction band that comprise what are known as surface 
states. Under the presence of an applied field, the electrons work their way from the 
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interior of the semiconductor to these surface states and make themselves available for 
emission. These electrons still must tunnel through a potential barrier, but the electrons 
in the conduction band of the surface states require less energy than those in the valence 
band because the potential barrier is smaller. 


There are two separate cases for field emission from a semiconductor: emission 
from the conduction band and emission from the valence band. The equation that 
governs emission from the valence band is the F-N equation, but the work function must 
be modified. The effective work function is [47] 

valence = X + E g (42) 

where % is the electron affinity or the energy required to move an electron from the 
bottom of the conduction band into vacuum. Also, since the applied field needed for 
emission from the valence band is higher than that required for emission from the 
conduction band, the image correction is appreciable. This is given by the Nordheim 
factor, a, but with an argument [47] 


y- 


g-i 

g+i 


, 1/2 


3.6x1 O’ 4 


71/2 


Z + E, 


(43) 


where e is the dielectric constant of the semiconductor. 
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When emission is from the conduction band, if the field does not penetrate into 
the interior of the semiconductor (Figure 13 [47]), the rate at which the electrons stake 
the surface from the interior is 


kT_ 

2nm 


^ electrons 


cm's 


and the emission current is 


(44) 


J = 


2nekt 

(® m x)' 2 


f 

exp 

V 


-6.8;dOV 

E ) 
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where n is the electron density in the conduction band. The average kinetic energy of 
electrons in the emission direction has been taken as Vi kT « jf. The number n is given by 
either 


n = 2 


f^J /2 exp f-M 


v2 kTj 


(46) 


for intrinsic semiconductors or 


n = N ]/2 2 
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for doped semiconductors where N is the total number of donors per unit volume. In the 
case where there is no field penetration, the total current is temperature dependent. 





When field penetration into the interior of the semiconductor does occur, as is 
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usually the case, the bands bend to compensate, as shown in Figure 14. Physically, this 
corresponds to the existence of a distributed, excess volume charge of electrons near the 
surface and a neutralization of the normally ionized donor impurities in this region. If 
the conduction band is deformed by an energy v 0 , which is not sufficient to bring it below 
the Fermi level, Boltzmann statistics will still apply and the emission current density will 
be given by Equation 45 multiplied by a factor exp(-vo/kT) representing the increased 
electron concentration at the bottom of the band. The work function remains the same as 
in the case of no field penetration. 

Since the Fermi level is usually close to the undeformed conduction band when 
there are donor impurities and since the applied field is high, the bottom of the band will 
generally dip below Ef in n-type material. A pool of electrons will collect in this 
depression. These electrons obey Fermi statistics. The highest filled level of this pool 
coincides with the Fermi level. The work function in the Fowler-Nordheim exponent 
will be decreased by Ef - Vlo, i.e., 



=<f>~(E -vj 

(48) 

where 

E F -v 0 =yE 415 

(49) 

and 

y = 4.5x1 0~V 2/5 

(50) 


for E in volts cm' 1 and energies in electron volts. 



Figure 14. 

Field emission through potential barrier with field penetration into the interior of the 
semiconductor [47], 
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The preceding discussion indicates that field emission from semiconductors will 
be temperature independent, either if it comes from the valence band, or if there is 
sufficient field penetration to lower the conduction band at the surface below the Fermi 
level. In all other cases, there will be an exponential temperature dependence. 

It should be noted that the theory presented here for field emission is for flat 
surfaces, and the applied field needs to be quite large for electrons to be emitted. 
Research has shown [40, 49- 51] that machining the metal or semiconductor into sharp 
points or tips locally enhances the electric field thereby reducing the voltage needed for 
field emission to occur. This has resulted in modifications to the Fowler-Nordheim 
equation, but leaving the basic principles intact. The result of these modifications is 
Equation 12, repeated here for continuity. 
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2.2 Silicon Diaphragm 

When a uniform pressure is exerted, the diaphragm is deflected downward 
towards the field emitter array, and the current density increases according to the Fowler- 
Nordheim equation. Figure 15 shows a diagram of the current density as a function of 
diaphragm distance from the array. A maximum change in current density for a small 
change in distance is a desired parameter of the pressure transducer operation. The 
diaphragm is constructed from silicon, which is placed on top of the field 
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emitter array as shown in Figure 9. The diaphragm is essentially a flat plate with all the 
edges fixed. This configuration has a maximum deflection given by [52] 

, 1.407.rl O' 7 p/ 4 

rT*- (51) 

where p = pressure in Pascals 

1 = length of the sides of the diaphragm 
Y = Young’s modulus of the material in kg cm' 2 
t = thickness of the diaphragm in meters 
and the negative sign accounts for the downward deflection of the diaphragm. 

It was decided in the early stages of research that the pressure sensor should be 
able to be integrated into digital circuits; this meant that the voltage placed on the sensor 
should not be more than 5 volts. In order to obtain a sufficient field for emission using 
this voltage, the spacing between the diaphragm and the array should be very small, while 
at the same time allowing for deflection over a range of pressures without damaging the 
emitters. It was decided that the transducer should be able to cover a range of 20 pounds 
per square inch or from atmosphere (1.013 x 10 5 Pa) to 2.392 x 10 5 Pa. The spacing 
between the diaphragm and the FEA required to produce a usable current density without 
any deflection and a 5 volt source is 1.5 x 1 O' 6 meters. 

Since the equation for deflection has 3 variables and only one of them had been 
decided upon, one other variable had to be accounted for so that a solution for the third 
could be found. The FEA occupies a space of 0.4 mm x 0.4 mm, and the diaphragm has 
to cover this space with the center being over the top of the array. The diaphragm was 
chosen to be square with dimensions of 4 mm x 4 mm. 
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Using the spacing between the diaphragm and the array, the thickness was 
calculated to be 1 74 pm. This thickness would cause the diaphragm to rest on top of the 
FEA at the high end of the pressure range, possibly causing damage. Therefore, a 
diaphragm thickness had to be determined that would allow for maximum sensitivity and 
proper device operation. Plots of deflection vs. pressure for various diaphragm 
thicknesses over the desired pressure range are shown in Figure 16. From the figure, it 
can be seen that a diaphragm thickness between 175 pm and 180 pm would satisfy the 
parameters mentioned. 

Equation 51 is valid if the sensor is sealed in vacuum. However, if the device is 
sealed in air or some other gas at atmospheric pressure, there will be a pressure exerted 
from the inside of the device back against the diaphragm when an external pressure is 
applied, and this must be accounted for in calculating the thickness of the diaphragm. At 
a constant temperature, the gas law PV=nRT, which is a constant, can be used to calculate 
the pressure inside the sensor with a decrease in the volume due to the action of the 
external pressure applied. The initial pressure and volume are known, so the constant can 
be determined. The deflection equation is modified to allow for the pressure inside the 
device and becomes 

d _ 1 .407x1 O' 7 (ggggg, - p mlernal y 

Yt l K } 
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Figure 16 . Diaphragm deflection versus pressure for various thicknesses. 
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where 


PoK 


ini ernat 


(53) 


V 0 -2.55.vl O ' 6 nd 

and p 0 and V 0 are the initial pressure and volume inside the device, respectively. Many 
iterations of this equation have been calculated, and the optimum thickness for a 
diaphragm sealed at atmospheric pressure with a gas inside was found to be between 135 
pm and 140 pm. 

2.3 Theoretical Analysis 

A plot of current density as a function of diaphragm distance from the FEA is 
shown in Figure 17 using Equation 12. The diaphragm thickness used to calculate the 
deflection is 175 pm. Following Zhirnov, et. al. [51], the field enhancement factor is 
calculated by 




(54) 


where h and r are the height and radius, respectively, of the nano-tips that make up the 
FEA, and d is the distance between the FEA and the diaphragm. The Microelectronics 
Research Laboratory at Old Dominion University has found typical values of h = 2.20 pm 
and r = 20 nm [76], A diamond film coating is grown on the FEA to further enhance 
emission which increases the radius to 50 nm. The work function of the diamond has 
been calculated to be 1.08 eV [76]. The applied voltage used in the equation is 5 volts. 
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2.4 Diamond as an Emitter 

Diamond has been studied for many years now. Diamond has many physical 
properties, such as high thermal conductivity, high physical strength, and chemical 
inertness that industry has taken advantage of. Synthetic diamond is used as a 
material in cutting tools. Diamond is also used as a heat sink in high power devices. In 
addition to its physical properties, diamond has electrical properties that make it attractive 
as a candidate for use in electronic devices. Diamond has been classified as a wide 
bandgap semiconductor with high electron and hole mobilities. Table 2 lists many of the 
properties of diamond [53, 54], 

In recent years diamond has been studied extensively for use in field emission. 

One of the properties of diamond is its low or negative electron affinity [55, 56]. In 
addition to the other properties of diamond, this property makes diamond especially 
attractive for use as a field emitter. Diamond thin films have been successfully deposited 
on various substrates using a variety of methods. These methods include combustion 
flame deposition, Hot Filament Chemical Vapor Deposition (HFCVD), and Microwave 
Plasma Chemical Vapor Deposition (MPCVD). The different substrates used for 
deposition have been molded into various shapes, the most common being the form of a 
pyramid. Composition of the gases that are used in growing diamond have been 
examined to determine the mixture facilitating diamond growth and subsequent emission. 
While some substrate configurations and gas mixtures produce better results than others, 
the literature suggests that if diamond growth is achieved, the result is a lower tum-on 
voltage for field emission [51, 55 - 76]. 


Table 2: Properties of Diamond. 


Crystal Structure 

Diamond 

Lattice Constant 

3.567 A 

Energy Gap 

5.46 eV 

Effective conduction band density of states 

~ 10 20 cm' 3 

Effective valence band density of states 

~ 10 19 cm' 3 

Breakdown field 

10 6 - 10 7 Vcm'' 

Electron mobility 

2200 cm 2 V' 1 s' 1 

Hole mobility 

1800 cm 2 V' 1 s' 1 

Melting point 

4373° C@ 125 kbar 

Thermal conductivity 

20 W cm' 1 °C' 1 

Hardness 

10000 kg mm' 2 

Coefficient of friction (dynamic) 

0.03 

Dielectric constant 

5.7 

Dielectric strength 

10 7 V cm' 1 

Resistivity 

10 13 - 10 16 ohm-cm 

Work function 

negative on [1 1 1] surface 


III. EXPERIMENTS 


The pressure sensor is fabricated by placing two structures, the diaphragm and the 
nano-tip array, together and bonding them. This section will explain the details of the 
fabrication process for each. The processing of silicon involves cleaning, oxidation, 
lithography, etching, re-oxidation, and in the case of the nano-tip array, diamond 
nucleation and growth. After bonding, two leads are attached to the device and it is 
mounted inside a pressure chamber for testing, the specifics of which will also be 
explained. 

3.1 Processing Steps 

The processing steps used to create the diaphragm and the nano-tip array differ 
only slightly for each structure. 

3.1.1 Cleaning 

Before any processing can be done to a silicon substrate, a thorough cleaning of 
the surface is a must if a viable device is to be produced. A cleaning sequence that has 
been generally adopted proceeds in the following manner [77]: 

(1) Remove gross organics and particulates. 

(2) Remove organic films. 

(3) Remove native surface oxide. 

(4) Remove all traces of cleaning solutions and all particulates from the surface. 
Removal of gross organics and particulates, which include dust and any semiconductor 
particles left over from polishing the wafer or cutting of the wafer, is done by rinsing 
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with deionized water (DIH2O). The sample is placed in a solution of sulfuric acid 
(H2SO4) and hydrogen peroxide (H2O2), which has been heated to 120° C, and is 
ultrasonically agitated for a period of 2 minutes to remove any additional organics that 
were not removed by step (1). The sample is rinsed in DIH 2 O and dipped in a 2.5% 
solution of hydroflouric acid to remove any native surface oxide, after which it is rinsed 
and dried. 

3.1.2 Oxidation 

Silicon dioxide has several uses: to serve as a mask against implantation or 
diffusion of dopant into silicon, to provide surface passivation, to isolate one device from 
another, to act as an insulator in MOS structures, and to provide electrical isolation of 
multi-level metallization systems [78]. There are a number of techniques which have 
been developed for forming oxide layers, such as thermal oxidation, wet anodization, 
vapor-phase technique (chemical vapor deposition (CVD)), and plasma anodization or 
oxidation [41, 77, 78], 

Thermal oxidation is the technique used in the fabrication of the pressure sensor. 
There are two types of thermal oxidation: wet and dry. While both produce silicon 
dioxide (SiC> 2 ), the time required for each to produce the same thickness of oxide differs 
greatly. Dry thermal oxidation is frequently used when very thin oxides are required. 

Wet thermal oxidation produces thicker oxides at a faster rate and is the method used in 
the manufacturing of the pressure sensor. 

Wet thermal oxidation is accomplished by bubbling oxygen through water held 
near the boiling point; this steam-oxygen mixture is then flowed over the sample that has 
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been placed in a furnace heated to 1000° C. Figure 18 shows a schematic diagram of the 
horizontal oxidation furnace and bubbling system. Oxidation proceeds according to the 
following reaction [41, 77, 78]: 

Si + 2H 2 0 -> Si0 2 + 2H 2 (55) 

This reaction occurs at the surface of the substrate and is linear at the initial stages of 
oxide growth. However, as the oxide is formed, the oxidant must diffuse through the 
oxide that has already grown to get to the surface of the silicon so that a reaction can take 
place, hence, oxide growth proceeds at a parabolic rate. The thickness of oxide grown 
over a period of time can be determined using the Deal-Grove model, developed by B. E. 
Deal and A. S. Grove in 1965 [41, 77, 78]. This model states that the thickness of an 
oxide grown is governed by the linear-parabolic equation: 

d 2 0 +Td 0 =Z(t + r) (56) 
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Figure 18. Schematic of horizontal oxidation fumace and bubbling system. 
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Here, D is the diffusion coefficient; h is the gas-phase mass-transfer coefficient in terms 
of concentration in the solid, given by h = HkT, where H is Henry's law constant; k s is the 
rate constant of chemical surface reaction for silicon oxidation; C* = Hpo, where p G is the 
partial pressure in the bulk of the gas; N| is defined as the number of oxidant molecules 
incorporated into a unit volume of the oxide layer; and t represents a shift in the time 
coordinate to account for the presence of the initial oxide layer dj. Equation 56 can be 
solved for the amount of time needed to grow an oxide layer of desired thickness, and 
vice-versa. B is known as the parabolic rate constant and the quantity B/A is known as 
the linear rate constant. The constants A and B have been calculated for various 
temperatures and can be found in Table 3 [78]. Figure 19 shows a graph of oxide 
thickness versus time using wet oxidation at a temperature of 1000° C. 


Table 3. Rate constants for wet oxidation of silicon [78]. 


Oxidation 
temperature (°C) 

T (pm) 

Parabolic rate 
constant 
Z (fim 2 /h) 

Linear rate 
constant 
Z/T (fim/h) 

T(h) 

1200 

0.05 

0.720 

14.40 

0 

1100 

0.11 

0.510 

4.64 

0 

1000 

0.226 

0.287 

1.27 

0 

920 

0.50 

0.203 

0.406 

0 
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Oxide Thickness vs Time 

Temperature = 1000 C 



Figure 19. Wet thermal oxide thickness versus oxidation time 
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The Deal-Grove model is a very useful tool for predicting the thickness of oxide grown, 
but slight deviations from this model are found due to factors such as geographic 
location, type of furnace used, etc. Experiments conducted at Old Dominion University 
have shown that oxide thicknesses are slightly less (tenths of a pm) than those predicted. 
3.1.3 Lithography 

Lithography is the process of transferring patterns of geometric shapes on a mask 
to a thin layer of radiation-sensitive material, known as resist, covering the surface of a 
silicon sample [41, 77, 78], The lithographic process can be accomplished by various 
techniques, but optical lithography is primarily used. Optical lithography uses a resist 
which is sensitive to ultraviolet light, hence it is named photoresist. Two types of 
photoresist are available: positive and negative. Positive resists allow the exposed areas 
to be removed whereas negative resists allow the unexposed areas to be removed. Figure 
20 depicts the lithographic process and the effect of using positive resist. 

The first step in the lithography process is to coat the sample with a thin layer of 
photoresist by placing the sample on a spinner and holding it in place through the use of a 
vacuum pump. Enough photoresist is applied to cover the sample which is then spun at 
4500 rpm for 40 seconds to thin out the resist and ensure surface coverage is uniform. 

The sample is placed on a hotplate set at 95° C to harden the photoresist. 

Next, the mask is placed in contact with the sample using a mask aligner, and both 
are exposed with ultraviolet light. The intensity of the ultraviolet light and thickness of 
the photoresist determines the length of time needed for exposure, usually between 1 and 
5 minutes. The sample is then placed in a bath of developer, causing the exposed 
portions of the photoresist to be washed away, revealing the oxide. The sample 
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Figure 20. Lithography process and the effect of positive resist [77], 
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is rinsed, dried, and baked again to ensure that the photoresist is properly set before 
proceeding. 

The unwanted oxide is removed by immersing the sample in a bath of buffered 
hydrofluoric acid (BHF) consisting of 5 parts DIH 2 O to 1 part concentrated hydrofluoric 
acid for a period of time such that bare silicon is exposed. This depends on the thickness 
of the oxide and the etch rate of the acid, which is ~ 12 pm per minute. The resist used to 
mask the oxide is removed, and the sample is rinsed and dried. 

3.1.4 Orientation Dependent Etching 

Etching is the process of removing unwanted layers of material and creating a 
structure that can be used for various devices depending on the application. There are 
many different kinds of etching. These include wet chemical, electrochemical, plasma 
etching, reactive ion etching (RIE), ion beam milling, and high temperature vapor etching 
[77], Wet etching, in which the sample is immersed in an aqueous etching solution, is the 
oldest and least expensive form of etching. There are two types of wet etching: 
anisotropic or orientation dependent etching (ODE) and isotropic etching. Orientation 

dependent wet etching is the form of etching that is used in the fabrication of the pressure 
sensor. 

Orientation dependent wet etching is the process of preferential directional 
etching of silicon [41, 77]. One of the basic features of anisotropic etchants is that etch 
rates are strongly dependent on crystallographic orientation and atomic bond strengths. 
Structures that are etched with anisotropic etchants are bounded predominately by (1 1 1) 
planes, i.e., the (111) planes are the slowest etching planes [79 -81]. As an example, a 
commonly used orientation dependent etch for silicon consists of a mixture of potassium 
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hydroxide (KOH) in water and isopropyl alcohol. The etch rate is 0.6 pm/min for the 
(100) plane, 0.1 pm/min for the (110) plane, and only 0.006 pm/min (60 A/min) for the 
(1 11) plane at 80° C; thus the ratio of the etch rates for (100), (110), and (1 1 1) planes is 
100:16:1 [41]. 

The (100) plane is the fastest etching plane due to the fact that the (100) plane has 
the least number of atoms/cm 2 as well as being less densely packed than other planes used 
in processing, i.e. the (110) plane and (1 1 1) plane [41, 42, 77], Figure 21 shows a cubic 
cell of the diamond lattice that makes up silicon with the (100) plane shaded. The 
number of atoms per square centimeter on the (100) plane is equal to the number of atoms 
cut by the plane divided by the area of the plane. The (100) plane has four shared atoms 
at the comers and one unshared atom at the center. The lattice parameter, a, is 0.543 nm 
for silicon, and the total number of atoms per square centimeter on the (100) plane is: 


i*l 
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4*- + l 
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(60) 


Figure 22 shows the cubic cell with the (110) plane shaded. The (1 10) plane has 
four atoms at the comers shared with neighboring planes (each contributing 1/4), two 
atoms on the upper and lower sides shared with upper and lower planes (each 
contributing V 2 ), and two atoms within the plane all by themselves. Using the lattice 
parameter, a, the total number of atoms per square centimeter on the (110) plane is: 


Figure 21. Cubic cell of diamond lattice with (100) plane. 
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Figure 23 shows the cubic cell with the ( 1 1 1 ) plane shaded. The (1 1 1) plane has 
three shared atoms in each comer (each contributing 1/6 of an atom) and three atoms on 

each or its sides (each contributing V 2 ). This leads to a total number of atoms on the (1 1 1 ) 
plane being: 
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It is easy to see that the (100) plane has the least number of atoms per square 
centimeter when compared with the (1 10) and (1 1 1) planes, thus, this plane is the fastest 
etching plane. When comparing the (1 10) and (1 1 1) planes, the (1 10) plane has a higher 
density of atoms than the (1 1 1) plane, yet it etches faster than the (1 1 1) plane. The (111) 
plane has stronger bonds between atoms than the (1 10) plane, hence the (111) plane 
etches slower than all other planes. 

Since the (111) plane is the slowest etching of all the planes used in processing, it 
is used as an “etch stop”. Orientation dependent etching of (100) oriented silicon 
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through a patterned silicon dioxide mask will produce V-shaped grooves, the edges being 
(111) planes at an angle of 54.7° from the (100) surface as shown in Figure 24 [82], 

Figure 25 [77] shows the relationship of width and depth with respect to the mask 
opening. 

3.2 Device Fabrication 

The processing steps described in the previous section were used to create the two 
structures, the nano-tip array and the diaphragm, that make up the pressure sensor. This 
section discusses the fabrication of each structure and how they were placed together to 

create an operational pressure sensor. Diamond growth on the nano-tip array will also be 
addressed. 

3.2.1 Nano-tip Array 

The nano-tip array begins as a (100) oriented silicon wafer. In the early stages of 
research, the wafer was cut into 9 mm X 9 mm sample sizes, but as research progressed, 
whole 2 wafers were processed. Regardless of whether samples or wafers are used, the 
fabrication of the array is the same. The samples were cleaned using the H 2 SO 4 -H 2 O 2 
cleaning solution and ultrasonic agitation as previously described. A 30 minute oxide 
was then grown on the silicon. This produced ~ 0.3 pm of Si0 2 , which acts as a mask 
while etching the silicon into the sharp tips of the array. Patterns were defined by 
photolithography; the mask used is comprised of 400 (10 pm X 10 pm) squares, as 
shown in Figure 26. These 400 squares are arranged such that an array of 20 x 20 squares 
is created. The spacing between the centers of the squares is 20 pm. This pattern was 
transferred to the photoresist and subsequently to the oxide by etching in BHF. 



Figure 25. 

Orientation dependent etching of (100) plane through patterned Si02 mask [82], 
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Figure 26 . Mask used to create nano-tip array. 
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Tetramethylammonium hydroxide (TMAH) was used as the etchant for the 
silicon samples. TMAH is an anisotropic etchant that is more widely used in industry 
because it is more environmentally friendly than other etchants and leaves less residue on 
the silicon during the etching process as it contains no metal ions (like the potassium 
present in KOH) [82 - 86]. In order to produce the sharpest tips possible, the etching 
must be monitored. TMAH possesses the property that as the concentration is increased, 
the etch rate decreases. An observable etch rate is achieved using a concentration of- 
40% TMAH heated to - 95° C. As the etchant begins reacting, the surface of the exposed 
silicon, (100) plane, is etched away. Lateral etching also takes place proceeding towards 
the (111) plane of the silicon under the oxide mask; this is known as undercutting. The 
oxide mask acts to prevent the TMAH from vertically etching the (100) plane that is 
directly beneath the oxide squares. The TMAH continues to etch the silicon from all 
sides until a point is reached where the oxide square or cap falls off leaving a sharp point 
or tip in the silicon. The time required to completely etch the nano-tip array was 
approximately 8 minutes. Figure 27 shows schematically the process used to create the 
array. Etching progress was monitored using the microscope on the mask aligner with a 
50x objective. The sample was removed from the TMAH after a period of 5 minutes, and 
the array was examined through the oxide squares to see how far the etchant had 
progressed. The oxide caps could then be judged as to when they would fall off by the 
size of the tip seen. The sample was placed back in the etchant for 30 seconds, and 
examined again under the microscope to see if the caps had fallen off. If they had, the 
sample was stripped of the remaining oxide, rinsed, and blown dry. If not, the above 
procedure was repeated. Figure 28 depicts the etching sequence of the nano-tip array. 
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Figure 27. Schematic representation of nano-tip array fabrication. 
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Figure 28. Etching sequence of nano-tip array. 
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The next step in the fabrication of the nano-tip array was to sharpen the tips. 
Research has shown that when sharp tips are created, the electric field is enhanced 
thereby lowering the voltage required for electron emission [40, 50, 87], Hence, the tips 
of the array should be as sharp as possible. Sharpening of the tips was accomplished 
through thermal oxidation. During the oxidation process, oxygen reacts with the silicon 
surface to produce silicon dioxide (Si0 2 ), as previously discussed, thus silicon is 
consumed. The silicon that is consumed is from the sides of the nano-tips, and therefore, 
the tips are sharpened. Research has shown that maximum sharpness is achieved with a 1 
hour oxidation [76], The 1 hour oxidation also serves as a spacer when the nano-tip array 
and diaphragm are bonded. After oxidation, a mask was used to preserve the oxide 
around the edges of the array, and the oxide was removed from the array itself. Figures 
29 and 30 are examples of a typical array and nano-tip. 

3.2.2 Diaphragm 

The diaphragm is the simplest of the two structures to fabricate. A sample was 
cleaned using H 2 SO 4 -H 2 O 2 solution and ultrasonic agitation. The sample was then 
oxidized for a period of 135 minutes; this provided an oxide - 0.7 pm thick. As 
explained, SiC >2 acts as a mask to protect silicon from being etched by TMAH. Oxide is 
etched by the etchant, however, at a very slow rate (~124 A/hr). The thickness needed for 
the diaphragm requires it to remain in the TMAH for hours rather than minutes, as in the 
case of the array, so a thicker oxide is needed. The mask used for the diaphragm is 
comprised of a 4 mm x 4 mm square opening in a black field background. Photoresist 
was spun on the sample, the mask was placed in contact with the substrate and was 
exposed with ultraviolet light. The photoresist was developed, the underlying oxide 
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Figure 29. Typical silicon nano-tip array. 



69 


LI IT 20.00 KU UD a nn Hdg- 21.41 K X 

J00nn ? 1 Photo No. 576 Detector- SCI 


Figure 30. Silicon nano-tip at high magnification. 
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was removed, and the exposed silicon was etched in a concentration of 25% TMAH at 95 
C for -3.5 hours. The protecting layer of oxide was removed and re-oxidation of the 
sample for a period of 4 hours was accomplished; this 1 pm oxide along with the 0.5 pm 
oxide grown around the edges of the nano-tip array provide the spacer needed for proper 
device operation when the two structures are bonded. Figure 31 shows a cross-section of 
a diaphragm that was used in an experiment to aid in determining diaphragm thickness. 
3.2.3 Diamond Growth 

Diamond growth is achieved on the nano-tip array using a Microwave Plasma- 
Enhanced Chemical Vapor Depositon (MPCVD) system, which involves striking a 
plasma consisting of hydrogen and methane. A diagram of the MPCVD system is shown 
in Figure 32. This system consists of a main vacuum chamber, mechanical and turbo- 
molecular pumps, an adjustable substrate holder with heater, gas inlet lines, a microwave 
source, and waveguide. 

After pre-treatment of the nano-tip array, which involves creating nucleation sites 
for diamond [54], it was placed onto the substrate holder inside the main chamber. The 
chamber was pumped down and the gases conducive to diamond growth, hydrogen and 
methane, were allowed to enter the chamber using mass flow controllers to vary the gas 
mixture concentration. The throttle valve was used to bring the pressure up to - 20 Torr, 
the substrate was heated to 600 °C, and the microwave source was turned on. The 
waveguide directs the microwaves down onto the gas mixture in order to strike a plasma. 
Once the gases were ignited, the substrate holder was moved up until the substrate 
containing the array was sitting directly under the plasma ball. A negative bias was 
applied to enhance the nucleation [88, 89]. As the growth proceeds, the carbon atoms in 
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Figure 32. Microwave Plasma Chemical Vapor Deposition (MPCVD) System. 
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the plasma come into contact with the nucleation sites and diamond is formed. [90], 

After plasma ignition, the pressure was increased to 35 Torn The concentration of 
methane to hydrogen used was 2%, and growth proceeded for 30 minutes. A bias of -150 
V was applied to the substrate for a period of 15 minutes at the beginning of growth. 
Figure 33 shows an example of a typical array after diamond growth. 

3.2.4 Bonding 

In the early stages of research, the nano-tip array and the diaphragm were bonded 
using epoxy. The structures were placed in contact with each other and epoxy was 
applied around the edge of the newly formed transducer. This method, while simple, had 
a few problems. Although the samples looked to be in contact when the epoxy was 
applied, it could not be determined if the epoxy had gotten in between the sandwich 
causing the spacing between the diaphragm and the array to increase. This spacing is 
crucial for correct operation. Other methods of bonding are being attempted and are 
discussed in Chapter 5. 

3.3 Testing 

After bonding, a contact was placed on either side of the pressure sensor using 
conductive epoxy, and the device was placed inside a pressure chamber. The pressure 
chamber was placed inside a temperature controlled structure to monitor the effect of 
temperature on the device. Voltages between 0 and 5 volts and pressures ranging from 
1 .013 x 10 5 to 2.392 x 10 5 Pa were applied to the sensor, and the output voltage across a 
100k ohm resistor placed in series with the sensor was measured. Figure 34 shows a 
diagram of the test setup used for measurement. All testing was conducted at NASA 
Langley Research Center. 


fht - 20.00 xv wd- n m Mag- 1.30 k x 

3 pm I — | Photo No 502 Detector- SEi 


Figure 33. Typical diamond-coated array. 
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Figure 34. Test setup used for pressure sensor. 
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IV. RESULTS AND DISCUSSION 

Eight sets of nano-tip arrays and diaphragms were fabricated and bonded using 
epoxy. In this section the results obtained from the fabrication process and subsequent 
testing are discussed. 

4.1 Field Emitter Array and Diaphragm 

The field emitter arrays were fabricated under identical conditions using the 
procedure described in Section 3. Figure 35 shows a scanning electron microscope 
(SEM) image of a diamond coated array. The array consists of 400 nano-tips arranged in 
a 20 x 20 configuration. The height and the radii of the tips are - 2 pm and - 50 nm, 
respectively. An SEM of a diamond coated tip is shown in Figure 36. The diamond film 
grown is ~ 100 nm thick and, as can be seen from the figure, conforms to the nano-tip of 
the array. 

Two sets of diaphragms have been made: ~ 135 pm for sealing at atmospheric 
pressure and ~1 75 pm for sealing in vacuum. The diaphragm thickness was measured by 
calibrating an eyepiece with cross-hairs and a 50x microscope objective to the (1 1 1) plane 
exposed during the etch cycle. The thickness of the silicon sample is measured using a 
micrometer before processing. Using the objective and eyepiece, the amount of silicon 
that has been etched away is determined and subtracted from the initial value. This 
method allows for the control and uniformity of thicknesses from one diaphragm to 


another. 


EffT 20.00 KV UD 9 run Mag l Al K X 

3pn j— j Photo No. 585 Detector SE1 


Figure 35. Diamond coated FEA. 
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Figure 36. Diamond coated nano-tip. 
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43 Pressure Transducer Characteristics 

The first four pressure sensors were made by placing the diaphragm on top of the 
nano-tip array in an air medium and sealing around the edges with epoxy, as explained in 
Chapter 3. During testing, large fluctuations in the output voltage were observed, and as 
such, no useable data could be obtained. It was determined that the most likely cause of 
the fluctuations was a discharge effect due to the ionization of air inside the devices. 

For discharge to occur, the applied field should reach the ionization potential of at 
least one of the gases that comprise air, of which oxygen has the lowest at 12.063 eV [3]. 
The minimum free path for ionization is given by [91]: 



(64) - 


where Vj is the ionization potential of the gas and E is the electric field determined by the 
voltage applied to the nano-tip array multiplied by the field conversion factor, (3. The 
field conversion factor calculated using Equation 54 has a minimum value of 2.933 x 10 7 
cm' 1 when the diaphragm is not deflected. Using the ionization potential of oxygen and 
an applied voltage of 5 volts, the minimum mean free path that an electron has to travel to 
cause ionization is 82.2 nm. 

Another parameter that is important when considering discharge effects is the 
mean free path of the gas, Xg, i.e., the spacing between the gas molecules. This is given 
by [91]: 

A - kT 

* pKCr l y[l 


( 65 ) 
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where k is Boltzmann's constant, T is temperature, p is pressure, and a is the diameter of 
the gas molecule. For air, with an approximate diameter of 13.65 A [92], X g is 658.4 nm 
at standard temperature and pressure. 

The mean free path of air along with the minimum free path that an electron needs 
to travel to gain enough energy to cause ionization are within the design parameters of the 
pressure sensor, i.e. the spacing (1.5 pm) between the diaphragm and the nano-tip array 
facilitate the ionization of oxygen hence, it is most likely occurring. 

The ideal solution to combat the discharge effect would be to seal the device in 
vacuum; methods by which to bond the device in vacuum are being researched. In the 
interim, helium was used as the medium in which the two structures, the diaphragm and 
the array, were sealed. Helium has the highest ionization potential [3], 24.481 eV, thus, 
the mean free path that an electron requires to cause ionization is 1 13.1 nm, which is 
much higher than that of oxygen. Also, the diameter of helium is 0.62 A, which makes 
the mean free path of helium 3 1 9. 1 pm at STP. Thus, the discharge effects will be 
minimized. 

Figures 37 and 38 show graphs of the output voltage across the 100k ohm resistor 
vs. pressure for applied voltages of 1 and 5 volts, respectively, and pressures from 0 to 
1.379 x 10 5 Pa with 1.013 x 10 5 Pa being the reference pressure. The effects of various 
temperatures are also shown. The input voltage was limited to 5 volts as these sensors 
are to be incorporated into digital circuits. Applied voltages of 2, 3, and 4 volts followed 
the same trend as seen in Figures 37 and 38, the only difference being an increase in the 
output voltages. As the applied voltage was incremented at a specific temperature, the 
output voltage also increased, as is shown in Figure 39. 


Pressure Sensor Measurement (Applied Voltage = 1 V) 
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Figure 37. Voltage vs. Pressure Graph for applied voltage of 1 Volt. 
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Figure 38. Voltage vs. Pressure graph for applied voltage of 5 Volts. 
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Figure 39. Voltage vs. Pressure graph at constant temperature 
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4.4 Discussion 

The theoretical graph of Figure 17 indicates that as the gap between the nano-tip 
array and diaphragm becomes smaller, current will increase exponentially as a result of 
the F-N equation for field emission. Since current is directly proportional to voltage and 
the deflection of the diaphragm is directly proportional to the pressure applied, the 
voltage obtained across the 100k ohm resistor should follow an exponential curve as well 
Furthermore, if the voltage is plotted on a logarithmic scale while the pressure is plotted 
on a linear scale, a straight line should result. Figures 40 and 41 show the data plotted 
using semi-log graphs. The data in these figures is linear as is expected, however, the 
operating region depicted in Figure 15 was not achieved. Instead, operation is occurring 
for a larger tip array - diaphragm separation. 

The unexpected behavior requiring explanation is that of temperature dependence 
in the output voltage. As the temperature was decreased, the output voltage also 
decreased. The Fowler-Nordheim equation for field emission is independent of 
temperature. One possible explanation for the temperature dependence may be due to the 
type and doping of the semiconductor used. The pressure sensor used to obtain the 
results was constructed from n-type silicon doped with phosphorus. The dopant 
concentration was determined from the resistivity to be on the order of 10 15 cm' 3 [41]. 
Field emission in n-type semiconductors is mainly from the conduction band, and the 
electrons in the conduction band come mainly from the ionization of the dopant atoms. 
When the temperature is decreased, the number of ionized donors is decreased leading to 
fewer electrons available for field emission. One of the models of emission from 
diamond has hypothesized that since diamond has a negative electron affinity (NEA), all 
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Figure 40. Semi-log plot of Voltage vs. Pressure for applied voltage of 1 Volt. 
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Figure 41. Semi-log plot of Voltage vs. Pressure for applied voltage of 5 Volts. 


that is required for emission is to tunnel electrons from the semiconductor to the 
conduction band of diamond. 
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Sensitivity for pressure sensors is defined as: 


Sensitivity = 



x 


1 


applied 


( 66 ) 


where (V max - V min ) is the difference in output voltage at the extrema of applied pressures. 
The units of sensitivity are millivolts per volt per pound per square inch (mV/V/psi). 
Table 4 lists the sensitivity of the transducer for the various applied voltages and 


temperatures. 
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V. CONCLUSIONS 

A new type of pressure sensor has been fabricated through the micro-machining of 
silicon. It consists of two structures: a diamond coated nano-tip array and a diaphragm. 
The processes used to form each structure have been discussed. The array consists of 400 
tips arranged in a 20 x 20 configuration. Although the region of operation of the sensor 
is lower on the exponential curve than expected, the average sensitivity was found to be 
2.13 millivolts per volt per psi over the range of applied voltages, which is comparable to 
piezo-resistive and capacitive pressure sensors using silicon diaphragms fabricated in a 
similar manner to the ones used here [22, 29, 30], The structures bonded in air at 
atmospheric pressure exhibited discharge effects due to ionization; this effect was - 
minimized by sealing the devices in helium. Temperature dependence of the sensors was 
noted. 

5.1 Future Research 

The results presented here show promise for devices fabricated using field 
emission. Additional research and modifications are underway to improve the sensor 
characteristics. The main issues under investigation are the bonding of the two structures 
(array and diaphragm), the temperature dependence, and sensitivity of the sensor. 

5.1.1 Temperature Dependence 

Research on the temperature dependence of field emission from diamond films 
has found that depositing boron doped p-type diamond eliminates the temperature 
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dependence [93, 94], Samples have been fabricated with p-type diamond films grown on 
the nano-tip array. They will be tested alter bonding in vacuum. 

5.1.2 Sensitivity 

The sensitivity of this sensor is comparable to those that have been fabricated by 
other means, but improvements are necessary. Sensitivity can be improved by using 
thinner diaphragms. The pressure range may decrease as a consequence, but precision 
will be gained. It is suspected that bonding with epoxy may play a role as to why the 
behavior was such as to be low on the operating curve. Alternative methods of bonding 
are being explored to eliminate this problem. 

5.1.3 Bonding 

Bonding with epoxy has several problems. The epoxy may get in between the two 
structures causing a larger gap than is required for proper operation. Pin holes in the 
epoxy could allow the helium gas to leak out of the device, thereby reverting back to the 
original configuration that showed discharge effects. When the devices are sealed, the 
epoxy may be out gassing into the sensor as it is drying, and this may also cause 
problems. Rather than try and compensate for these effects, the elimination of epoxy 
from the bonding scheme has been considered; this requires an alternative method of 
bonding. Two methods are being investigated: anodic bonding [95-98] and direct 
bonding [99-109] of the structures. 

Anodic bonding is a process whereby silicon is placed in contact with a special 
type of glass that contains sodium ions. The contacted silicon and glass are then heated 
and an electric field is applied between them such that the sodium ions interact with the 
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silicon and form a bond. Experimentation is in progress to conduct anodic bonding for 
the pressure sensor. This method requires that the nano-tip array and diaphragm be 
fabricated on the same silicon substrate with the array on one side, as shown in Figure 42. 

Direct bonding is also under study. This method can be used to bond silicon to 
silicon, silicon dioxide to silicon dioxide, and silicon dioxide to silicon. Direct bonding 
is the primary method used to create silicon on insulator devices, with device processing 
taking place after the bonding. Extending this technology to bond wafers with structures 
fabricated prior to bonding is being explored. Direct bonding involves placing two 
silicon wafers in contact with each other at low temperatures to form weak bonds and 
then annealing them at elevated temperatures to strengthen the bonds. Bonding of two 
oxidized silicon wafers has been accomplished at Old Dominion University, and 
experiments are in progress to facilitate the bonding of the array and diaphragm. 
Two-inch wafers have been processed. Each wafer contains either 16 arrays or 16 
diaphragms arranged in a 4 x 4 configuration. The direct bonding method is the most 
promising as it will provide sensors completely made out of silicon. 

5.2 Applications 

The main application of this type of pressure sensor is to detect pressure changes 
in the air flow across the wings of aircraft. When an aircraft moves through the air, the 
flow across the wings can be laminar or turbulent. When it is turbulent, more fuel is 
consumed than when it is laminar. Pressure changes accompany the transition from 
laminar flow to turbulent flow. If the pressure can be sensed when this occurs, the 
structure of the wing can then be slightly modified so that laminar flow is kept constant, 
thereby conserving fuel. The temperature independent pressure sensor would eliminate 



the need for temperature-correcting circuitry required of other pressure sensors, thereby 
reducing the overall weight and price of the aircraft. Other uses of this sensor include 
industrial, biomedical, and automobile instrumentation. 


Diaphragm 



Nano-tips 


Figure 42. Nano-tip array and diaphragm on same substrate. 
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